Medela and Stryker's Neurovascular division are partnering to bring a new medical vacuum technology to stroke patients worldwide.
Introduction
Choroid plexuses (CPs) and their secretion, cerebrospinal fluid (CSF), have an essential function in the central nervous system (CNS) physiology. CPs are strategically positioned in lateral ventricles (LVs), which are the major site for CSF secretion. The CP-CSF system plays an active role in the development, homeostasis, and repair of the CNS, providing physical protection of the brain, removing toxic metabolites, synthesizing trophic and angiogenic factors, carrier proteins, and chemorepellents, and acting as a nursery for neuronal and astrocytic progenitor cells. Proteins that have a specific role in brain homeostasis such as transthyretin, transferring, insulin-like growth factor II, and binding proteins are secreted from the CP to the CSF. The CP epithelium forms a physical barrier between blood and the CSF (the blood-CSF barrier, BCSFB) on the grounds of the complex tight junctions between adjacent epithelial cells. 1 Human and animal studies have shown that the morphology and functions of CPs and CSF are altered during aging. Ventricular volume increases by 25%-30% in 50-to 80-year-old individuals compared to 20-to 40-year-old individuals. A significant reduction in CSF secretion, 2 an increase in the resistance of CSF drainage, a decrease in CSF flow, and an increase in the protein content of the CSF are fundamental changes during aging. 3 Histopathologically, the height of CP epithelial cells decreases about 10%-11% by age 88 years; the aged epithelial cell cytoplasm becomes rich with Biondi ring tangles and lipofuscin age-pigment deposits, and the nuclei appear irregular and flattened. The basement membrane becomes thicker, coarser, and more irregular. The stroma also thickens and contains collagen fibers, hyaline bodies, calcifications, and psammoma bodies, and the infiltrating arteries become thicker and fragmented. 1, 4, 5 The histopathological transformations of the CP have been found to be correlated with CP functions of absorption, secretion, and filtration. 6 The metabolic changes in the CP were demonstrated in experimental studies; total adenosine triphosphatase (ATPase) activity and sodium-potassium (Na/K) ATPase activity are lower in older rats compared to young rats. 1 Recent studies showed a decline in the messenger RNA (mRNA) expression of Na/K ATPase along with water channel Aquaporin 1 protein and mRNA expression. Since the secretion of CSF depends on ion and water translocation, the rate of CSF secretion decreases with age. 1, 3, 7 Along with decreased CSF turnover, transthyretin secretion and beta-amyloid secretion decrease. 8 The decreased CP-CSF axis functions result from the increased risk of the development of age-related diseases (Alzheimer disease or normal-pressure hydrocephalus); nevertheless, the normal senescent changes of the CP-CSF axis changes and central nervous pathologies have some similarities. 3 Currently, diffusion-weighted imaging (DWI) is a routine component of the brain magnetic resonance imaging (MRI) examination and is critical in the evaluation of stroke patients; DWI differentiates abscesses, infections, tumors, and degenerative and demyelinating disorders. The sequence is based on the random microscopic motion of water molecules in different tissues, providing unique information about the physiologic state of brain tissue. Therefore, DWI detects early or subtle changes within the brain before any visible abnormality can be seen on conventional morphologic imaging. 9, 10 There is a complex relationship between histology and diffusion; highly cellular tissue impedes the movement of water molecules. However, low cellularity or defective cells permit greater water molecule movement. 11 CPs appear brighter on DWI in the elderly; this phenomenon was thought to be the consequence of gelatinous cystic changes with aging. 12 We hypothesized that cellular and functional alterations of the CP may affect the diffusion characteristics of the tissue that could be demonstrated semiquantitatively via DWI MRI. The structural changes in CP apparent diffusion coefficients (ADCs) may be a sign of aging and related disorders. The aim of this research was to quantify the ADCs of human CPs as well as to reveal age-related changes.
Materials and methods Imaging
In this cross-sectional study, all MRIs of the brains of patients who visited the Radiology Department of our University Hospital between January 2013 and June 2014 were retrospectively investigated. Ethics approval was obtained from the local ethics committee (YDU/ 2017/45-374). MRI scanning indications were various neurological symptoms such as headache, vertigo, epilepsy, intracranial mass, and ischemia. MRI scanning was performed on a 1.5 Tesla MRI device (Signa HDx; General Electric, Milwaukee, WI, USA). The standard brain MRI protocol included the following sequences: axial T2-weighted (T2W), T1-weighted (T1W), and fluid-attenuated inversion recovery (FLAIR), sagittal T1 FLAIR, coronal fat-saturated T2W, susceptibility WI sequence, and DWI with ADC maps. DWI was applied at the parameter values of b ¼ 0 s/mm 2 
Exclusion criteria
Patients with major cranial abnormalities were excluded from the study (brain tumors, hyperacute or acute ischemia, developmental anomalies, hemorrhage, hydrocephaly); only normal or mild abnormal findings were included. ADC maps were generated. The ADCs were measured by a single observer.
Measurements
The CPs were identified in the atrium of the right and left lateral ventricles (LVs) on the DWI and/or ADC maps. Region of interest (ROI) was inserted on the CP to try to avoid CSF contamination. The ROI sizes varied between 14 mm 2 and 37 mm 2 . Multiple ADC measurements were performed, and the minimum value was considered for each CP. The diameters of the LVs were measured at the level of the ventricular atriums on the T2W images.
Statistical analysis
Descriptive statistics for all variables were calculated and are provided in the text. Distribution properties were investigated with the Shapiro-Wilk test of normality. Since parametric assumptions were met, parametric hypothesis tests were applied. Multiple groups were compared with one-way analysis of variance (ANOVA) test and in case of statistical significance, pairwise comparisons were carried out with Tukey's post hoc test. For paired groups, statistical comparisons were performed with the paired samples t test. Possible associations between study variables were analyzed with Pearson correlation analysis.
Regression analysis with least square smoothing was applied to see the age-related functional structures of ADC values of right and left CP values. Regression analysis was carried out for all patients, as well as for both genders separately. Analysis with all patient data was adjusted for gender. Third-order polynomial (cubic) functions were applied as the best fitting nonlinear curves. GraphPad Prism (Demo Version 7.0) was used for regression analysis. All other statistical analysis and calculations were carried out with SPSS (Demo Version 23.0) statistical software. Level of significance was accepted to be 0.05.
Results

Study participants
The brain MRIs of a total of 202 patients, 97 men (48%) and 105 women (52%), were studied. The mean age of the patients was 44.1 AE 24.2 (range between 1.0 and 87.0) years old.
LV diameters
The mean diameter of the LV was 11.1 AE 3.5 (minimum: 6.0, maximum: 27.0) mm in the right; 10.7 AE 3.6 (minimum: 5.1, maximum: 23.0) mm in the left LV. The ADCs of the right and left CP were not significantly different (p > 0.05). The mean ADC of the CP was 1.81 AE 0.50 Â 10 À3 mm 2 /sec. The minimum ADC of the CP was 1 Â 10 À3 mm 2 /sec at the right side and 0.93 Â 10 À3 mm 2 /sec at the left side. The maximum ADC of the CP was 3.05 Â 10 À3 mm 2 /sec at the right side and 2.97 Â 10 À3 mm 2 /sec at the left side.
There were statistically significant positive correlations between the ADC of the CP and patient age (right CP: r ¼ 0.623; p < 0.05. left CP: r ¼ 0.654; p < 0.05). Similarly, there were positive correlations between the LV diameters and patient age (r ¼ 0.624, p < 0.05 for the right LV; r ¼ 0.621, p < 0.05 for the left LV).
The patients were divided into four groups based on age: 1 to 20 years old, 21 to 40 years old, 41 to 60 years old, and 60 years and older ( Table 1 ). The ADCs of the CP of the age groups are shown in Figures 1 and 2 . For the right and left ADCs, the age groups significantly differed (p < 0.05): The pairwise group comparisons showed that the ADCs of the 60 years and older age group was significantly higher compared to the three other groups. However, the ADCs were not significantly different between the 1-to 20-year-old, 21-to 40-year-old, and 41-to 60-year-old groups ( Table 1 ; Figures 1 and 2 ). There is a constant slope of ADC value of the CPs until the fourth decade, hereafter it slightly increases. The increase is steeper in women compared to men (Figures 3 and 4 ).
Discussion
The present study showed a significant increase in diffusion occurred in the CP and dilatation of the LV with aging. The ADC value is constant until the age of 60, but it increases significantly at >61 years; interestingly, women had a more significant increase of ADC value compared to men after the sixth decade. This cannot be explained by presence of any systemic disease, alcohol or drug consumption, neuropathologic and cognitive status, because of lack of data, although we have focused on healthy individuals. There is increasing interest on gender effects on brain aging. Neuroimaging studies indicate that age-related changes begins earlier in males, the brain varies in different subregions of the brain, and brain atrophy is greater in males. 13, 14 The clinical explanation of the findings needs studying of the neurocognitive, behavioral and neurophysiologic domains.
Increase in CSF volume is one of the first basic changes in the CSF and the ventricular system; the increase is mainly attributed to brain atrophy. In healthy aging, the ventricular volume increases by 25%-30% in the fifth to eighth decade compared to the second to fourth decades. An increase in diffusion of the CPs that likely reflects the histopathological and functional changes in CPs related to aging was presented in previous human and animal studies. 1, 5, 6, 8, 15 DWI is a functional MRI sequence that employs the post-processing model of the mono-exponential algorithm model to derive the semi-quantitative parameters of ADC. However, the actual diffusion of water molecules in living tissues is not free. It is heterogeneous and limited by many kinds of barriers, such as the cell membrane, organelles, and microvasculars. In a CP voxel, several compartments are present, including the CSF compartment, especially because of partial volume effects. The increase in ADC could first be attributed to an increase of the CSF fractional volume in the voxel. Diffusion occurs as a result of the random microscopic motion of water molecules because of their intrinsic thermal energy, reflecting the molecular motion of water, probing its mobility on the cellular scale. 16, 17 The diffusion coefficient, measured in mm 2 /sec, relates the average motion, in a mean-square sense, to the observation time; higher values of this coefficient indicate more mobile water molecules. Thus, higher water mobility with higher ADCs results in lower observed signal intensity in the diffusion-weighted sequence. Conversely, decreased water mobility with reduced ADCs results in a higher observed signal. The degree of tissue cellularity and the presence of intact cell membranes help determine the resistance of water molecule diffusion. Low cellular tissues or tissues consisting of cells with disrupted membranes permit greater movement of water molecules. 11, 18 Brain maturation and aging may also be quantified by ADC changes. As a result of the high water content of the pediatric brain, the ADCs of the gray and white matter of healthy neonates and infant brains are higher than adult brains. The ADCs decrease over time as the brain matures. The ADCs for all parts of the brain that are more apparent in the white matter and the lentiform nucleus may increase minimally with aging. 1, [19] [20] [21] We hypothesize that increase of the CP ADC value in the elderly is related to decreased functional integrity of the BCSFB. Histologically, CPs are composed of tightly packed villous folds consisting of a single layer of cuboidal epithelial cells overlying a central core of highly vascularized stroma. The choroidal epithelial cells are joined together by encircling tight intercellular junctions. 3 These epithelial tight junctions are concentrated in short lengths of several complex strands close to the apical side of CSF; the epithelial tight junctions together with the arachnoid membrane form the BCSFB. Under normal conditions, the BCSFB prevents free passage of molecules between the blood and the CSF via the paracellular route between cells. 1 The extraction of the proteins from the vascular space is thought to be by simple diffusion via the paracellular spaces. Simple diffusion across the cellular layer could be limited by the paracellular diffusion rates and by the size of the cellular pores or gaps. The diffusion rate is inversely related to molecular weight. Animal models have shown a twofold increase in the extraction of higher molecular weight molecules via paracellular routes in older animals compared to younger animals, which suggests the functional integrity of the BCSFB had decreased. The increased protein content of the CSF according to age was also attributed to the contribution of the decreased functional integrity of the BCSFB with reduced CSF flow. 1 A significant elevation in CSF protein was found in healthy humans older than 40 years old 22 and in patients with neurological diseases. The increase in the protein content may result from the circulation across a leaky BCSFB, as well as the contribution of proteins from neighboring nervous tissue. 23, 24 Previously, age-related changes in the CPs were determined according to the occurrence of macroscopic calcifications that can be measured on computed tomography scans. 8, 25 MR perfusion study conclusions were also concomitant with those of experimental studies. 1, 8 A significant decrease in capillary permeability and an increase in the mean transit time in older individuals were found in dynamic susceptibility MRI examinations. A rapid hyperbolic-like decrease in the factor of choroidal capillary permeability was described as a decrease in the global exchange area or an increase in the thickness of the interface that reduces the mass transfer between the compartments. Reduced blood mean transit time was found to be correlated with rat studies. 6, 15 Functional MRI studies enable direct in vivo examination of the changes at the CP's capillary level.
The present study has several limitations. Firstly, histopathological correlation was not possible. Secondly, the accuracy of the ADC measurements could be debated as the CPs are embedded in the LVs; they occasionally show hyperintensity on DWI with a mild elevation of ADCs that are usually higher than white matter. However, in spite of the potential risk of CSF contamination during ROI replacement, a clear positive correlation of the ADCs of CP and age was found. The similar ADCs of the right and left LVs' CPs suggested that the measurements were accurate.
There are some similarities between age-related changes in the CP ventricular system and Alzheimer disease and normal-pressure hydrocephalus. 3 In Alzheimer disease, epithelial atrophy, thickening of the basement membrane, and stroma fibrosis are more prominent compared to normal senescence. Synthesis, secretory, and transportation functions are significantly altered resulting in decreased CSF turnover, reduced beta-amyloid clearance, and increased glycation phenomena as well as oxidative stress. 25 This study showed that there was a clear progressive
